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FINAL  TECHNICAL  REPORT  (April  1,  1993  -  May  31,  1997) 
(AFOSR  Contract  No.  F49620-93-1-0249) 


I.  STATEMENT  OF  THE  PROBLEMS  STUDIED 

Effort  under  the  above  referenced  contract  was  focused  upon  examining  some  in-situ, 
growth  controlled  approaches  to  synthesis  of  semiconductor  nanostructures  (quantum  wires  and 
quantum  boxes)  with  particular  emphasis  on  mechanisms  of  lattice  mismatch  strain 
accommodation  and  associated  kinetic  behavior.  To  this  end,  the  following  two  different 
approaches  were  studied; 

(1)  Formation  behavior  of  the  coherent,  three-dimensional  (3D)  islands  in  highly  strained  epitaxy 
and  their  potential  use  as  quantum  boxes. 

(2)  Control  of  density  and  size  of  such  island  quantum  boxes  via  selective  area  growth  on  size- 
reduced  patterned  substrates  containing  appropriately  oriented  mesas. 

Studies  of  the  first  year  or  so  showed  a  great  potential  for  the  coherently  strained  3D  island 
quantum  boxes  on  planar  substrates  (also  dubbed  self-assembled  quantum  dots)  for  optoelectronic 
applications.  Consequently,  during  the  next  two  years  (mid  1994  and  mid  1996)  of  this  contract 
period  a  greater  effort  was  placed  upon  this  aspect  and  resulted  in  a  number  of  new  and  important 
findings  and  demonstrations,  including  the  first  unambiguous  demonstration  of  a  quantum  box 
laser.  The  laser  comprised  vertically  self-organized  but  electronically  essentially  uncoupled 
multiply  stacked  quantum  dots  as  the  active  region.  In  the  following  we  provide  a  brief  summary 
of  the  most  important  results  obtained  in  the  two  categories  noted  above.  Details  may  be  found  in 
the  publication  numbers  noted  for  each  topic  in  the  summary.  These  correspond  to  the  publication 
list  provided  in  Section  III. 


1 


n.  SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 
n.l  3D  Island  Quantum  Dots  on  Planar  Substrates 

1 .  In-situ  UHV  STM/AFM  studies  of  3D  island  evolution  and  implications  for  an  atomistic 
kinetic  frame  work: 


Studies  central  to  the  understanding  of  the  process  and  mechanism  of  the  lattice  mis¬ 
match  induced  coherent  3D  island  formation,  using  InAs/GaAs  system  as  a  vehicle,  were 
carried  out.  The  experimental  findings  are  described  in  detail  in  publication  nos.  16,  23  and 
24.  Briefly,  we  discovered  that,  just  after  the  initiation  of  the  well-formed  3D  islands  at 
~1.57ML  InAs  deposition,  the  lateral  size  dispersion  and  average  size  of  the  islands  first 
increases  drastically  (from  panel  (a)  to  (b)  in  Fig.  1)  with  about  0.05ML  of  additional  InAs 
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deposition  and  then  decreases  and  saturates  (panels  (c)  through  (f)  in  Fig.  1),  This  indicates 
the  onset  of  a  natural  tendency  for  size  equalization,  including  through  loss  of  material  from 
the  initially  formed  largest  islands.  Moreover  we  discovered  the  presence,  during  the  2D- 
3D  morphology  transition,  of  a  varying  mass  transfer  between  2D  and  3D  surface  features 


with  increasing  InAs  deposition.  The  evolution  of  the  density  of  different  structural  features 


is  summarized  in  Fig.2.  The  quasi-3D 
clusters  (0.6-1.2nm  high,  labeled  as 
Q3D  clusters  in  the  middle  panel  of 
Fig.  2)  are  found  to  mediate  the  2D- 
3D  morphology  change  and  to  play  an 
important  role  in  the  mass 
redistribution  on  the  surface.  These 
results  provide  clear  evidence  for  the 
importance  of  the  synergistic  evolu¬ 
tion  of  local  (and  hence,  globally 
inhomogeneous)  strain  and 
surface/interface  energy  in  determining 
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the  surface  kinetic  processes  during 
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the  3D  island  formation  and  evolution. 


Fig.2 


2.  Re-entrant  behavior  of  2D-3D  morphology  change  and  implications  for  lasing  from 


quantum  dots; 

The  coherent  nature  of  the  3D  islands  caused  explosive  growth  during  the  period  of 
this  contract  in  the  examination  of  their  optical  behavior  as  quantum  boxes  by  groups 
around  globe  and  of  their  potential  for  quantum  box  based  injection  lasers  by  a  few, 
including  us.  Reliable  interpretations  of  the  origin  of  optical  emission  and  lasing  demanded 
that  careful  and  systematic  combined  atomic  level  structural  and  optical  studies  be  carried 
out  on  comparable  samples  in  order  to  understand  the  atomistic  mechanism  of  strain- 
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induced  evolution  of  structural  features  and  their  role  in  the  optical  response.  We 
undertook  this  challenging  task  under  the  support  of  this  contract.  A  remarkable  discovery 
of  a  re-entrant  behavior,  as  described  below,  was  made  and  reported  in  a  paper  published  in 
Phys.  Rev.  Lett,  (publication  no.  25). 

Briefly,  InAs  structural  features  up  to  five  monolayers  high  appear  at  ~1.25ML 
deposition  of  InAs,  disappear,  and  reappear  prior  to  the  onset  of  well-developed  3D  islands 
at  1.57ML,  thus  manifesting  a  hitherto  unrecognized  reentrant  behavior  in  the  formation  of 
3D  islands  (see  middle  panel  of  Fig.  2).  The  optical  signature  of  this  reentrant  behavior  is 
shown  in  Fig.  3.  The  narrow  peak  near  8500 A,  which  evolves  with  increasing  InAs 
deposition  and  vanishes  just  beyond  0c  at  1.57ML,  is  attributed  to  the  recombination  in  the 
wetting  layer  (WL).  The  almost 
Gaussian  peak  observed  at  10200 A  for 
the  2.00  ML  sample  is  attributed  to 
recombination  in  3D  island  quantum 
dots  (QDs).  A  careful  analysis  of  the 

'S 

PL  spectra  of  the  1.15  ML  and  1.25  ^ 

■£ 

ML  samples  reveals  for  the  first  time  vS 
peaks  at  9380A  and  9733 A, 

s 

respectively,  in  addition  to  the  WL  ^ 
emission.  By  contrast,  no  PL  in  the 
9200 A  to  103 00 A  region  could  be 
resolved  for  the  1.35  ML  and  1.45  ML 
samples.  And  then,  at  1.55  ML 
deposition  (just  below  0c)  PL 
reappears  in  this  spectral  region  and 
finally  develops  into  3D  island  PL,  thus  establishing  a  re-entrant  PL  behavior  paralleling 
that  of  the  3D  structural  features  seen  in  the  STM  studies.  These  results  provide  new 
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insights  into  the  long-standing  problem  of  the  kinetic  aspects  of  2D  to  3D  morphology 
change  not  embodied  in  the  widely  encountered  Stranski-Krastanow  growth  mode. 
Moreover,  this  systematic  study  unambiguously  identified  the  origin  of  the  lasing  in  our 
InAs  quantum  box-based  laser  structures  as  arising  fi-om  the  3D  island  quantum  boxes  and 
not  fi'om  other  structural  features,  (see  point  5).  The  spectrum  position  of  the  observed 
lasing  line  (see  point  5)  is  shown  as  a  dashed  straight  line  in  Fig.  3  for  later  reference.  Since 
the  laser  structures  contain  InAs  layer(s)  with  2ML  InAs  deposition  for  which  the  quasi  3D 
clusters  have  vanished,  the  origin  of  lasing  is  attributed  to  the  well  formed,  coherent  InAs 
islands. 

3 .  Island  induced  adatom  migration  during  cap  layer  growth: 

Through  transmission  electron  microscope  (TEM)  studies  of  InAs  island  samples 
having  GaAs  cap  layers  containing  AlGaAs  marker  layers  we  demonstrated  InAs  3D  island 
induced  migration  of  Ga  away  fi'om  the  islands  during  growth  of  the  GaAs  cap  layers.  A 
mechano-chemical  surface  chemical  potential  based  theory  for  growth  profile  evolution  was 
developed  and  used  in  conjunction  with  the  TEM  observations  to  estimate  the  spatial  range 
of  the  island  induced  strain  fields  for  the  first  time.  This  is  reported  in  publication  nos.  7,  9 
and  1 1 . 

4.  Demonstration  of  vertically  self-organized  growth; 

The  above  noted  InAs  island  induced  stress/strain  fields  in  GaAs  cap  layers  were 
exploited  to  demonstrate  theoretically  the  kinetically  controlled  occurrence  of  vertically  self- 
organized  3D  island  stacking  in  multi-layer  growth  and  experimentally  the  realization  of 
such  vertically  self-organized  growth.  These  results  are  given  in  publication  nos.  12  and  13. 
Figure  4  shows  an  illustrative  cross-sectional  TEM  image  of  a  stack  of  five  InAs  3D  island 
layers  separated  by  36  ML  thick  GaAs  spacers  and  reveals  the  vertically  self-organized 
growth. 
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5. 


Demonstration  of  Lasing  from  Vertically  Self-Organized  3D  Island  Quantum  Dots: 


The  results  are  shown  in  publication  nos.  18  and  30.  Ultra  low  threshold  lasers  are  a 


critical  component  of  high-density,  high-throughput  information  processing  systems. 
Owing  to  the  discrete  density  of  electronic  states  of  an  ideal  quantum  box,  several  over  an 
order  of  magnitude  type  improvements  in  the  figures  of  merit  of  devices  based  upon 
quantum  boxes  are  theoretically  expected.  For  lasers,  these  include  threshold  currents  in 
the  less  than  lOpA  regime  and  high  characteristic  temperatures  leading  to  much  improved 


thermal  stability. 

Figure  5  shows  a  cross-sectional  TEM  image  of  a  laser  structure  comprising  five  sets 

of  vertically  self-organized  quantum  dots  as  the  active  region  sandwiched  between 
[(GaAs)jy(AlAs)Jp  based  graded  index  optical  confinement  layers  and  AlGaAs  cladding 

layers.  Figure  6  shows  the  light  output  versus  injected  current  behavior  at  77K,  indicating 
onset  of  lasing  at  a  threshold  current  density  (J^h)  of~310A/cm2. 


[(AlAs)M/(GaAs)Nlp 
GRIN  Layer 


t(AlAs)M^(GaAs)N]p 
GRIN  Layer 


Fig.  5 
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Fig.  6 

II.2  Fabrication  of  Nanoscale  GaAs  Mesas  and  Growth  of  In  As  on  such  Mesas 

Control  of  the  spatial  distribution,  the  density  and  the  size  uniformity  of  the  InAs 
islands  is  important  to  further  exploitation  of  these  island  structures  as  quantum  boxes  for 
electronic  and  optoelectronic  device  applications.  An  important  path  towards  these 
objectives  is  the  use  of  patterned  substrates  containing  mesas  of  appropriate  sizes  and 
profiles  to  achieve  selective  growth  on  the  mesas.  Proper  exploitation  of  the  lattice  misfit 
strain  for  these  objectives  demands  mesa  widths  in  the  sub-micron  to  sub  lOOnm  regimes. 
We  utilized  our  previously  developed  techniques  of  size-reducing  epitaxy  (publication  nos. 
1-3,  10,  14-15,  20,  22,  27-29)  on  ex-situ  photolithographically  patterned  as  well  as  in-situ 
direct  write  patterned  stripe  mesas  of  as-patterned  width  ~lpm  to  create  the  desired 
nanoscale  mesas  in-situ  via  purely  growth  control.  A  brief  summary  of  the  latter  is  given 
below  as  it  is  new  and  unique  to  our  group.  InAs  island  formation  studies  however,  could  be 
carried  out  only  on  the  ex-situ  as-patterned  substrates  due  to  both  limitation  of  time  and 
resources. 
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1 .  Growth  of  GaAs  on  in-situ  patterned  GaAs  substrates: 


As  a  first  step  towards  an  all  UHV  in-situ  process  for  creating  arrays  of  nanoscale 
mesas,  we  studied  the  growth  of  GaAs  on  patterned  substrates  prepared  in-situ  via  focused 
ion  beam  (FIB)  assisted  CI2  etching  of  GaAs(OOl).  FIB  assisted  CI2  etching  technique  is 

compatible  with  the  UHV  environment  and  hence  is  promising  for  an  all  in-situ  approach  to 
growth/processing/re-growth.  The  results  are  detailed  in  publication  no.  26.  The  highly 
non-equilibrium  nature  of  such  FIB  assisted  gaseous  dry  etching  also  affords  creating  mesa 
sidewall  orientations  other  than  those  provided  by  the  thermodynamically  most  stable  planes 
accompanying  the  usual  wet  chemical  etching.  An  illustrative  AFM  image  is  shown  in  Fig.  7 


for  a  stripe  with  ~26° 
sidewalls.  Figure  8  shows  the 
nature  of  the  size-reducing 
growth  on  such  mesa  stripe  as 
revealed  by  TEM  images  of 
growth  of  GaAs  with  AlGaAs 
(light  bands)  marker  layers. 
We  note  that  the  as-patterned 


Fig.  7 


surface  roughness  of  about  20nm  is  completely  healed  with  typically 


about  50nm  of  GaAs 


buffer  layer  growth. 


2.  Growth  of  InAs  on  GaAs  nanoscale  stripe  mesas: 

In  Fig.  9  are  shown  some  results  of  controlled  deposition  of  InAs  on  nanoscale  stripe 
mesas  prepared  in-situ  via  GaAs  size-reducing  epitaxy  on  ex-situ  as-pattemed  mesas  of 
widths  ~lpm  .  Note  that  in  these  growths  the  InAs  deposition  amount  is  less  than  the 
critical  deposition  amount  (1.57ML)  for  3D  island  quantum  dot  formation  on  the  planar 
substrate.  The  images  show  that,  by  controlling  the  strain  and  interfacet  migration,  it  is 
possible  to  achieve  selective  area  growth  of  InAs  islands,  in  this  case  on  the  mesa  top  only, 
while  also  achieving  control  of  the  spatial  distribution  and  density  of  the  InAs  islands.  Note 
the  reduction  from  three  parallel  rows  of  InAs  3D  islands  to  one  as  the  mesa  width  is 
reduced  from  -lOOnm  to  30nm.  While  some  very  promising  results  were  obtained  on  this 
front,  this  contract  expired  and  this  approach  could  not  be  pursued  much  further.  These 
results  are  a  remarkable  first  and  are  to  be  published. 


Mesa  width:  lOOnm  Mesa  width:  60nm 


Fig.  9 


9 


m.  LIST  OF  PUBLICATIONS 


1.  “Optically  active  three-dimensionally  confined  structures  realized  via  molecular  beam 
epitaxical  growth  on  nonplanar  GaAs(l  1 1)B”,  K.C.  Rajkumar,  A.  Madhukar,  K.  Rammohan, 
D.  Rich,  P.  Chen,  L.  Chen,  Appl.  Phys.  Lett ,  63, 2905  (1993) 

2.  “Growth  of  semiconductor  heterostructures  on  patterned  substrates:  defect  reduction  and 
nanostructures”,  A.  Madhukar,  Thin  Solid  Films,  231,  8  (1993) 

3.  “Realization  of  three-dimensionally  confined  structures  via  one-step  In-Situ  MBE  on 
appropriately  patterned  GaAs(lll)”,  K.C.  Rajkumar,  A.  Madhukar,  P.  Chen,  A.  Konkar,  L. 
Chen,  K.  Rammohan,  D.  Rich,/.  Vac.  Sci.  Technol.  B12,  1071  (1994) 

4.  “The  nature  of  strained  InAs  three-dimensional  island  formation  and  distribution  on 
GaAs(lOO)”,  A.  Madhukar,  Q.  Xie,  P.  Chen,  A.  Konkar,  Appl.  Phys.  Lett.  64,  2727  (1994) 

5.  “Realization  of  doped-channel  MISFETS  with  high  breakdown  voltage  in  AlGaAs/InGaAs 
based  material  system”,  K.  Kaviani,  A.  Madhukar,  J.  Brown,  L.E.  Larson,  Electronics 
Letters,  30,  669  (1994) 

6.  ‘TVIechanisms  of  strained  island  formation  in  molecular  beam  epitaxy  of  InAs  on  GaAs(lOO)”, 
Chen,  P.,  Xie,  Q.,  Madhukar,  A,  Chen,  L.,  Konkar,  A,  Journal  of  Vacuum  Science 
technology  B12,  2568  (1994) 

7.  "InAs  island-induced-strain  driven  adatom  migration  during  GaAs  overlayer  growth",  Q.  Xie, 
P.  Chen  and  A.  Madhukar,  .4/?/?/.  Phys.  Lett.  65(16),  2051  (1994) 

8.  "Vapour  phase  synthesis  of  thin  films:  Towards  a  unified  atomistic  and  kinetic  fi-amework", 
A.  Madhukar,  in  Proc.  of  TMS/ASM  Symposium,  (Rosemont,  IL,  Oct.  2-6,  1994),  Novel 
Techniques  In  Synthesis  and  Processing  of  Advanced  Materials,  Eds.  J.  Singh  and  S.M. 
Copley,  (The  Minerals,  Metals  and  Materials  Society,  PA.)  191(1994) 

9.  "Structural  and  optical  behavior  of  strained  InAs  quantum  boxes  grown  on  planar  and 
patterned  GaAs(lOO)  substrates  by  molecular  beam  epitaxy",  Q.  Xie,  A.  Konkar,  A. 
Kalburge,  T.R.  Ramachandran,  P.  Chen,  R.  Cartland,  A.  Madhukar,  H.T.  Lin,  and  D.H.  Rich, 

J.  Vac.  Sci.  Technol.  B13(2),  642(1995) 

10.  "In-Situ  fabrication  of  three-dimensionally  confined  GaAs  and  InAs  volumes  via  growth  on 
nanplanar  substrates",  A.  Konkar,  K.C.  Rajkumar,  Q.  Xie,  P.  Chen,  A.  Madhukar,  H.T.  Lin, 
and  D.H.  Rich,  /  Cryst.  Growth  150,  311  (1995) 

11.  "Realization  of  optically  active  strained  InAs  island  quantum  boxes  on  GaAs  (100)  via 
molecular  beam  epitaxy  and  the  role  of  island  induced  strain  fields",  Q.  Xie,  P.  Chen,  A. 
Kalburge,  T.R.  Ramachandran,  A.  Nayfanov,  A.  Konkar,  and  A.  Madhukar,  /.  Cryst.  Growth 
150,  357 (1995) 


10 


12.  "Veritically  self-organized  InAs  quantum  box  islands  on  GaAs  (100)",  Q.  Xie,  A.  Madhukar, 
P.  Chen,  and  N.  Kobayashi,  Phys.  Rev.  Lett.  75,  2542  (1995) 

13.  "InAs  island  quantum  box  formation  and  vertical  self-organization  on  GaAs  (100)  via 
molecular  beam  epitaxy",  Q.  Xie,  N.  Kobayashi,  T.R.  Ramachandran,  A.  Kalburge,  P.  Chen, 
and  A.  Madhukar,  MRS  Spring  '95  mtg.  (April  17-21,  1995,  San  Francisco,  CA,  1995) 
Symposium  Proc.  Vol.  379,  177  (1995) 

14.  "Creating  three-dimensionally  confined  nanoscale  strained  structures  via  SESRE  and  the 
enhancement  og  critical  thickness  for  island  formation",  A.  Konkar,  A.  Madhukar,  and  P. 
Chtn,  MRS  Proc.,  Vol.  380,  17  (1995) 

15.  "In-situ  formation  of  laterally  confined  semiconductor  structures  via  growth  on  nonplanar 
patterned  substrates",  A.  Madhukar,  A.  Konkar,  and  P.  Chen,  in  "Fabrication  and 
Characterization  of  Advanced  Materials",  Eds.  S.  W.  Kim  and  S.  J.  Park,  Proc.  lUMRS 
International  Conf ,  (The  Materials  Research  Society  of  Korea),  Vol.  3,  1 173  (1995) 

16.  "In-situ,  atomic  force  microscope  studies  of  the  evolution  of  InAs  three-dimensional  islands 
on  GaAs(OOl)",  N.  P.  Kobayashi,  T.  R.  Ramachandran,  P.  Chen,  and  A.  Madhukar,  Appl. 
Phys.  Lett.  68,  3299  (1996) 

17.  "A  unified  atomistic  and  kinetic  frame  work  for  growth  front  morphology  evolution  and 
defect  initiation  in  strained  epitaxy",  A.  Madhukar,  J.  Cryst.  Growth  163,  p.  149(1996) 

18.  "Observation  of  lasing  from  vertically  self-organized  InAs  three-dimensional  island  quantum 
boxes",  Q.  Xie,  A.  Kalburge,  P.  Chen,  and  A.  Madhukar,  IEEE  Photon.  Technol.  Lett.  8,  965 
(1996) 

19.  "Some  computer  simulations  of  semiconductor  thin  film  growth  and  strain  relaxation  in  a 
unified  atomistic  and  kinetic  model",  A.  Madhukar,  W.  Yu,  R.  Vishwanathan,  and  P.  Chen, 
"Materials  Theory,  Simulation,  and  Parallel  Algorithms  ",  Eds.  E.  Kaxiras,  J.  Joannopoulos, 
P.  Vashishta,  and  R.  K.  Kalia,  MRS  Symposium  Proc.  (Materials  Research  Society, 
Pittsburg),  Vol.  408,  413  (1996) 

20.  "Time-resolved  cathodoluminescence  study  of  carrier  relaxation  in  GaAs/AlGaAs  layers 
grown  on  a  patterned  GaAs(OOl)  substrate",  D.H.  Rich,  H.T.  Lin,  A.  Konkar,  P.  Chen,  and 
A.  Madhukar,  Appl.  Phys.  Lett.  69,  665  (1996) 

21.  "Energy  relaxation  in  InAs/GaAs  quantum  dots",  R.  Heitz,  A.  Kalburge,  Q.  Xie,  M.  Veit,  M. 
Grundmann,  P.  Chen,  A.  Madhukar,  and  D.  Bimberg,  Proc.  of  the  23rd  Int.  Conf  on  the 
Physics  of  Semiconductors,  Berlin  German,  1996  (Edited  by  M.  Scheffler  and  R. 
Zimmermann),  World  Scientific,  Singapore,  1425  (1996) 

22.  "Lattice-matched  and  mismatched  quantum  boxes  fabricated  via  size-reducing  growth  on 
nonplanar  patterned  substrates",  P.  Chen,  A.  Konkar,  H.T.  Lin,  D.H.  Rich,  and  A. 
Madhukar,  Proc.  of  the  23rd  Int.  Conf.  on  the  Physics  of  Semiconductors,  Berlin,  Germany, 


11 


1996  (Edited  by  M.  Scheffler  and  R.  Zimmermann),  World  Scientific,  Singapore,  1277 
(1996) 

23.  "Re-entrant  behavior  of  2D  to  3D  morphology  change  and  3D  island  lateral  size  equalization 
via  mass  exchange  in  Stranski-Krastanow  growth;  InAs  on  GaAs(OOl)",  T.  R. 
Ramachandran,  R.  Heitz,  N.  P.  Kobayashi,  A.  Kalburge,  W.  Yu,  P.  Chen,  and  A.  Madhukar, 
J.  Cryst.  Growth ,  175/176,  216  (1997) 

24.  "Mass  transfer  in  Stranski-Krastanow  growth  of  InAs  on  GaAs",  T.  R.  Ramachandran,  R. 
Heitz,  P.  Chen,  and  A.  Madhukar,  Phys.  Lett.  70,  640  (1997) 

25.  "Observation  of  re-entrant  2D  to  3D  morphology  transition  in  highly  strained  epitaxy:  InAs  on 
GaAs",  R.  Heitz,  T.  R.  Ramachandran,  A.  Kalburge,  Q.  Xie,  P.  Chen,  and  A.  Madhukar, 
Phys.  Rev.  Lett.  78, 21  (1997) 

26.  "Focused  ion  beam  assisted  chemically  etched  mesas  on  GaAs(OOl)  and  the  nature  of 
subsequent  molecular  beam  epitaxial  growth",  A.  Kalburge,  A.  Konkar,  T.R.  Ramachandran, 

P.  Chen  and  A.  Madhukar,  J.  Appl.  Phys.  82,  859  (1997) 

27.  "Cathodoluminescence  study  of  band  filling  and  carrier  thermalization  in  GaAs/AlGaAs 
quantum  boxes",  D.H.  Rich,  H.T.  Lin,  A.  Konkar,  P.  Chen,  and  A.  Madhukar,  J.  Appl.  Phys. 
81,  1781  (1997) 

28.  "Carrier  relaxation  and  recombination  in  GaAs/AlGaAs  quantum  heterostructures  and 
nanostructures  probed  with  time-resolved  cathodoluminescence",  H.T.  Lin,  D.H.  Rich,  A. 
Konkar,  P.  Chen  and  A.  Madhukar,  J.  Appl.  Phys.  81,  3186  (1997) 

29.  “Growth  controlled  fabrication  and  cathodoluminescence  study  of  3D  confined  GaAs 
volumes  on  non-planar  patterned  GaAs(OOl)  substrates”,  A.  Konkar,  H.T.  Lin,  D.H.  Rich,  P. 
Chen,  and  A.  Madhukar,  J.  Crys.  Growth  175/176,  741  (1997) 

30.  “Evolution  of  structure  and  optical  behavior  through  the  2D  to  3D  morphology  change  in 
InAs  growth  on  GaAs(OOl)”  A.  Kalburge,  T.R.  Ramanchandran,  R.  Heitz,  N.P.  Kobayashi, 

Q.  Xie,  P.  Chen,  and  A.  Madhukar  Proc.  (in  press) 

31.  “The  formation  and  evolution  of  InAs  3D  islands  on  GaAs(OOl)  and  a  comparative  C-AFM 

and  NC-AFM  study  of  InAs  3D  islands”,  T.R.  Ramanchandran,  N.P.  Kobayashi,  P.  Chen, 
and  A.  Madhukar  MRS  Proc.  (in  press) 


12 


IV.  LIST  OF  PARTICIPATING  SCIENTIFIC  PERSONNEL 


Graduate  Students:  K.  C.  Rajkumar  Ph.  D.  1994 

Wei  Chen  Ph.  D.  1994 

Q.  Xie  Ph.  D.  1996 

A.  Konkar 
A.  Kalburge 
T.R.  Ramachandran 

P.  I.  &  Co-P.I.:  Prof.  Anupam  Madhukar 

Prof  Ping  Chen 

V.  REPORT  OF  INVENTIONS:  None 


13 


